Oscillator strengths and radiative transition probabilities for dipole allowed fine structure levels are obtained for Silike ions: Si I, S III, Ar V and Ca VII from multiplet line strengths calculated for the Opacity Project and using the observed energy levels. The radiative calculations are carried out in the close-coupling approximation employing the R-matrix method as developed for the Opacity Project. There are relatively little previous data available for the transition probabilities of these ions. Comparisons of the present oscillator strengths with available experimental values exhibit good agreement in general.
Introduction
The Opacity Project has produced large quantities of accurate radiative data, energy levels, photoionization cross sections and oscillator strengths, for essentially all astrophysically abundant atoms and ions using ab initio methods based on the close coupling approximation and the R-matrix method [1] . Prior to the Opacity Project (hereafter OP), relatively few oscillator strengths were known for most of the elements and various ionization stages. The OP work therefore has resulted in making available huge amounts of radiative data. The OP calculations however have been carried out in the LS coupling approximation and the fine structures within the multiplet transitions are not considered. For the calculation of stellar opacities (the stated aim of the OP), this is a valid assumption in most regions of stellar plasmas as the fine structure is almost entirely subsumed by plasma broadening effects and a redistribution of oscillator strengths within the multiplets does not significantly affect the total opacities.
On the other hand for most other spectroscopic applications the transitions of interest are usually observed to be between individual fine structure levels and it is necessary to obtain the corresponding oscillator strengths. In a previous work on the Si-like ions [2] we have discussed the calculations and presented selected results for photoionization cross sections and LS multiplet ƒ-values. In this paper we extend the OP work to calculate the fine structure ƒ-values for the individual transitions within the multiplets through an algebraic transformation of the LS line strengths to fine structure components. In addition, the calculated ƒ-values are obtained using observed energy levels and are thus an improvement over the original OP data that uses the calculated energies. Although the difference between the observed and the calculated energies is small in general, the ƒ-values for closely spaced transitions can be significantly affected.
Detailed comparisons are made with available oscillator strengths from a variety of experimental (laser fluorescence, beam-foil etc.) sources.
In our OP calculations [2] , we had considered all transitions between bound states up to n ≤ 10 and l ≤ 5 (i.e. all resulting LS multiplets). In the present work we report only a subset of the oscillator strengths data, derived from the earlier calculations, as the extent of the present work is constrained by the availability of the observed energy levels, since these are required for the recalculations of the fine structure ƒ-values. Thus, although we consider a large number of transitions, a considerable body of the original OP data is stjll unprocessed.
As there is relatively little previous data, the present work is aimed at providing a comprehensive set of oscillator strengths for many practical laboratory and astrophysical applications.
Summary of theoretical work
The calculations for the LS oscillator strengths have been carried out in the close coupling (CC) approximation employing the R-matrix method. The CC expansion for the wavefunction of each ion consists of different sets of lowest states of the core ion such as 8-state CC expansion for Si I, 16-state CC expansion for S IV, 13-state CC expansion for Ar V, and 18-state CC expansion for Ca VII as given in Table I . More details about the spectroscopic and corre- Table I . Ion core states in the CC expansion of the four elements of the Si-like ions; N is the number of states included lation configurations and comparison of energy values can be found in Ref. [2] . The oscillator strength or the ƒ-value for a bound-bound transition from state i to state f is given by where ER fi R = ER ƒ R -ER i R is the transition energy, gR i R = (2SR i R + l)(2LR j R + 1) is the statistical weight of the initial state in LS coupling or gR i R = (2JR i R + 1) in fine structure, and S is the line strength (energies are in Rydberg unit throughout unless specified otherwise). In terms of dipole length and velocity operators where the summation is over all atomic electrons, the line strength is given by in the "velocity form" respectively. For exact wave functions Ψ, SR L R = SR V The radiative transition probability, AR ƒi R or the A-value, from a higher state f to a lower state i is related to oscillator strength fR iƒ R in atomic unit as where α is the fine structure constant and gR ƒ R is the statistical weight of the final state; in c.g.s. unit of time AR fi R is given by where τR 0 R = 2.419 x 10 P 17 P sec is the atomic unit of time. The total radiative probability for the state f is and the lifetime of the state is obtained as
In the present work, the line strength S of a transition in LS multiplet is obtained from the oscillator strengths, using eq. (1), of the OP data for Si-like ions Si I, S III, Ar V and Ca VII and are split into fine structure transitions using standard algebraic transformation factors [3] . Correction to transition energies is now made by using observed energies to obtain the fine structure oscillator strengths and A-values. This improves the accuracy of the ƒ-values since the spectroscopic energies are known to high precision. From large number of oscillator strengths in LS coupling obtained for the OP [2] such as 3149 values with 218 LS bound states of Si I, 3973 values with 236 bound states of S III, 7863 values with 342 bound states of Ar V and 16961 values with 497 bound states of Ca VII, with n ≤ 10 and l ≤ 5, we choose a small number of transitions for those states only that have been experimentally observed. Fine structure splitting is carried out for ƒ-values calculated in length form only. The reason is that they are more accurate in the R-matrix calculations since the matrix elements for length form are weighted more towards the asymptotic region where the wave functions are better represented than the inner region [2] .
Results
As the main aim of this presentation is to make available an extensive amount of transition probability data, derived from the OP, it is necessary to also ascertain the uncertainties in the theoretical calculations as compared with the most recent and reliable measurements in so far as possible. For the Si sequence there exist a few accurate sets of measurements by O'Brian and Lawler [4] , Becker et al. [5] , Berry et al. [6] , Livingston et al. [7] and several others [8, 9] . In our previous work [2] , we have already compared the LS multiplet ƒ-values from the OP calculations with available data. Whereas the present work is concerned with the more detailed fine structure transitions, in this section we compare the corresponding ƒ-values with available experimental ones, primarily from sources cited above. We also compare the lifetimes of a number of excited states with the available measured values. Table II presents the OP energy values of LS states along with the available observed values [10] for comparison. In accordance with the standard spectroscopic convention (e.g. in NIST tables) the table labels the energy order of states such that excited states of a particular SLπ with even parity are represented by ascending alphabets and with odd parity by descending alphabets. The same notation for energy order will be used later in Tables III, IV and V. It should be noted that all ƒ-values and A -values in the present work for LS multiplet transitions, as well as for fine structure components, are obtained using observed spectroscopic energies. The calculated energies agree within 3% of observed values except some excited states of Si I, as discussed in Ref. [2] . From the point of view of observational spectroscopy this difference between the calculated and observed energies is significant. However, one might note that the OP calculations are the first ab initio calculations that obtain the spectroscopic data in a complete and self-consistent manner for an arbitrary large number of bound states of the atom or ion. As such, the number of transitions considered, even within the LS multiplet scheme, is very large. Nonetheless an obvious improvement over the OP results, implemented in the present work, is to employ the observed energies.
Detailed comparisons of the computed ƒ-values with experimental measurements are presented in Table III . The first row lists the total LS multiplet transition, the corresponding oscillator strengths in the length and the velocity forms, and the experimental value. The fine structure ƒ-values, obtained from the length form, are then compared individually with the experimental values. The calculated and measured A-values are also given for Si I. Si I experimental data are reported by O'Brian and Lawler [4] , who have measured a number of transitions using laser-induced fluorescence technique which apparently has very low uncertainties, and by Becker et al. [5] who used beam-foil technique. The error bars for measured values of Si I by O'Brian and Lawler are approximate since they have been converted from ±logR 10 R (gf).
Comparison of the present data with the measurements of O'Brian and Lawler [4] provides an accurate indicator of the overall uncertainties in the theoretical calculations. We find that the overall agreement between the two sets of data for the 26 fine structure transitions reported is within 5-10%, with the exception of some very weak transitions, e.g. aP [5] is also good except for the same weak transition. We may thus estimate the uncertainty in the present ƒ-values for Si I to be less than 10% for transitions with | f\ > 0.01.
For S III the available experimental data is much more sparse and from a number of different sources, all using Table II we find differences with the earlier beam-foil results at about 10-20% level; however, the number of comparisons is too few to ascertain any definite limit on the uncertainties in the S III calculations.
For Ar V, there is only one available measurement for the aP transition and the presentƒ-value is in good agreement with it. To our knowledge, there are no experimental measurements for Ca VII. As discussed in Ref. [2] , oscillator strengths for these two ions are expected to have good accuracy since they have low discrepancy (about 5%) between the length and the velocity forms for most of the transitions. In Ref. [2] , we carried out detailed comparisons of the oscillator strengths for these four ions with available theoretical works. Earlier detailed calculations include six-state close coupling calculations of Mendoza and Zeippen [11] for a few transitions in Si I, atomic structure calculations by Ho and Henry [12] also for a limited transition in S III. Both works correspond to LS multiplet oscillator strengths. There seem to be no theoretical calculations for Ar V oscillator strengths. Atomic structure calculations for fine structure oscillator strengths in Ca VII was carried out by Biemont [13] for a number of transitions. Comparison of the present results with his values for some transitions are made in Table III and both calculated values agree well with each other.
In addition to direct comparison of calculated oscillator, strengths with the experimental values, another indicator of the overall uncertainties may be obtained by considering the lifetimes of excited states, as the calculations of lifetimes involves a number of transitions through which the given state may undergo radiative decay. Table IV presents and compares calculated lifetimes of a number of excited states for which measured values are available. These lifetimes are obtained from the sum, eq. (7), of radiative transition probabilities, or the A-values, of the dipole allowed states given in Table V . Notation for states are the same as Table II . The quoted experimental uncertainties are given within parentheses next to the values. Measured lifetimes for a set of fine structure levels are available mainly for Si I [4, 14] , with which we compare our results. The present calculated values for Si I are in fair agreement with the laser excitation and time resolved detection measurement by Bergstrom et al. [14] [6] , Livingston et al. [7] , Dumont et al. [15] and Irwin and Livingston [16] . The calculated lifetime of Ar V states agree well with those measured by Livingston et al. [17] except for states yP Calculated lifetime agree well with the single measurement by Irwin et al. [8] also. The main point with respect to the lifetimes is that the present calculations yield a fairly complete set of oscillator strength data which, in turn, can be used to obtain lifetimes for a large number of states with uncertainties as indicated by the detailed comparisons in Table III . Even though agreement of the present calculated values of radiative lifetime of excited states varies in comparison with different measurements, the present calculations have been carried out in a theoretically and computationally-consistent manner for a large number of transitions.
Finally, we present all calculated dipole oscillator strengths (ƒR if R), line strengths (S) and transition probabilities (AR fi R in secP -1 P) of the Si-like ions, Si I, S III, Ar V, and Ca VII in Tables Va,  b , c, and d respectively. Each table lists the transitions among singlet states first, and then those among triplet states. The ƒ-, S-, and A-values are presented for both the LS multiplet and fine structure transitions. For a triplet-to-triplet transition, the first line corresponds to the transition in LS multiplet and the following lines to its fine structure components. Conservation of total LS multiplet line strength with the sum of fine structure components is checked for each LS transition and the discrepancy is always found to be less than 0.01%.
The notation for the states in Table V are the same as described for Table II . "g" is the statistical weight factor of the initial or final state. Energies of initial and final states, and the transition energy between them are given for the fine structure transitions in the table. While the energy of each fine structure level is given in Rydberg units, the transition energy between the levels is given in terms of wavelength (λ). However, for transitions in LS coupling for the triplet states only transition energy in Rydberg is given between columns ER j R and ER f R. It should be noted that the transition energies in terms of wavelengths may have uncertainties by a few Angstrom units. The observed energies [10] thus introducing some numerical inaccuracy in λ from the format of the energies written.
Conclusion
The Opacity Project calculations for LS multiplets have been extended, using observed wavelengths, to calculate radiative transition probabilities for a large number of fine structure transitions. The present report provides an extensive set of data that compares well with the variety of available experimental measurements and is generally of high accuracy, with typical uncertainties of about 10%. The data is expected to be useful in several astrophysical and laboratory applications.
